We studied the potential of D. smithi as a biological control agent for M. calvescens. We verified D. smithi has hostspecificity and causes severe damage to M. calvescens. Our studies suggest that D. smithi has potential to establish in Hawaii. We suggested that D. smithi is a good biocontrol agent for M. calvescens. D. smithi should be introduced in places where M. calvescens causes problems. g r a p h i c a l a b s t r a c t a r t i c l e i n f o 
Introduction
Invasions by Miconia calvescens DC. (Melastomataceae) in rainforests of French Polynesia, Hawaii, New Caledonia and Australia are a serious threat to these ecosystems (Csurhes, 1997; Medeiros et al., 1997; Meyer, 1996; Meyer and Loope, 2011) . M. calvescens is a small tree native to Central and South America, which was introduced into these regions as an ornamental plant. Competition for water, light and nutrients with native plants is the main problem caused by M. calvescens (Meyer et al., 2003; Meyer et al., 2007) , and in Hawaii and Tahiti, this weed already dominates tracts of land that were originally occupied by the native forests (Medeiros et al., 1997; Meyer, 1996) . In its native range in Brazil, M. calvescens is usually found in disturbed habitats, in secondary forests at advanced succession stages after clear cutting or fire have destroyed the primary forest or as an understory forest plant. It occurs at low population densities and is often severely affected by a suite of pathogens and phytophagous arthropods (Hanson et al., 2010; Picanço et al., 2005) . It is widely accepted that the only sustainable method of control for exotic weeds invading natural ecosystems is classical biological control by means of natural enemies introduced from the native range (Barreto et al., 2012) . In some areas where M. calvescens has emerged as a more recent ecosystem invader, management efforts have been concentrated on the chemical and mechanical eradication of plant populations (Brooks and Jeffery, 2010; Goarant and Meyer, 2010; Meyer and Goarant, 2010) However it is doubtful whether these approaches are sustainable over the long term.
Preliminary surveys of natural enemies attacking M. calvescens that were conducted in Brazil, Costa Rica and Trinidad from 1993 to 1995 by exploratory entomologist Robert Burkhart (Hawaii Department of Agriculture 1998) stimulated later studies on the classical biocontrol of M. calvescens. In 1995, a search for M. calvescens pathogens native to the neotropics was initiated and involved survey of areas in Brazil, Costa Rica and Ecuador yielding numerous pathogens (Alves et al., 2010; Santin, 2008; Seixas et al., 2007 Seixas et al., , 2004 Seixas et al., , 2002 . Arthropods attacking M. calvescens were also surveyed in Brazil (Burckhardt et al., 2006; Picanço et al., 2005) , Costa Rica (Burckhardt et al., 2005; Hanson et al., 2010) and Mexico (Hanson et al., 2010) . To date only one natural enemy has been released for classical biological control of M. calvescens; the fungus Colletotrichum gloeosporioides f. sp. miconiae which was introduced into Hawaii in 1997 (Killgore et al., 1997) and into French Polynesia in 2000 (Meyer et al., 2008) . Although it has become established in both archipelagoes and is contributing to the control of miconia, particularly in French Polynesia (Meyer et al., 2012) , it is now clear that additional agents will be required for effective control of this weed (Killgore et al., 1997) .
One potential biocontrol agent that was identified in surveys in Brazil is the newly described psyllid Diclidophlebia smithi Burckhardt, Morais and Picanço (Hemiptera: Psyllidae) (Burckhardt et al., 2006) . Field observations and results of studies on D. smithi (Burckhardt et al., 2006; Morais et al., 2007; Picanço et al., 2005) combined with the favorable track record in terms of host-specificity with the use of psyllids in weed biocontrol (Center et al., 2007; Hollis, 2004; Shaw et al., 2009) suggest, that D. smithi may be a useful biocontrol agent for M. calvescens. This psyllid is a member of the possibly monophyletic species group (Burckhardt et al., 2006) associated with Melastomataceae and appears to be widely distributed in south-eastern Brazil. A second psyllid species, Diclidophlebia lucens Burckhardt, Hanson, and Madrigal, was also collected and described by a separate team involved in the miconia biocontrol program, based in Costa Rica (Hanson et al., 2010) . This species was also independently chosen and investigated as potential agent for control of M. calvescens (Burckhardt et al., 2005) .
To further the evaluation of D. smithi as a biocontrol agent of M. calvescens, we report on the following biological studies in its native Brazil: (1) population dynamics of D. smithi in the field; (2) climate-matching to infer its potential distribution in Hawaii; (3) survey of its natural enemies; (4) initial evaluation of host-specificity; and (5) observations on damage to miconia tissues.
Materials and methods

Population dynamics
Independent populations of D. smithi were monitored at three well-separated sites in the municipalities Dionísio, Guaraciaba, and Viçosa in the state of Minas Gerais (Brazil) ( Table 1) . At each site, reproductive M. calvescens plants ranging in height from 1-7 m and having a basal diameter varying between 6-15 cm, were a common part of the plant community. During the first period the plants were evaluated at three-week intervals in Viçosa and Dionísio. During the second period evaluations were made at 15-day intervals in Viçosa and monthly in Dionísio. In the third period evaluations were only made in Guaraciaba and Viçosa and at three-week intervals at both places (Table 1) .
On each visit to a site, ten M. calvescens plants were selected without regard to the presence or absence of visible psyllid colonies. For each selected plant, all aerial plant parts were examined, i.e. leaves, leaf buds, flowers and fruits, and the total number of adults and nymphs of D. smithi on each plant part were counted. Predatory arthropods associated with D. smithi, as well as any seemingly parasitized individuals, were counted and collected for further examination.
Climate data was obtained from the following climate stations: for Viçosa -Universidade Federal de Viçosa station, GuaraciabaPonte Nova station, Dionísio -Ponte Alta station (belonging to 
Climate matching
The CLIMEX (version 3.00.009) Regional Climate Matching algorithm was used to compare the Hawaiian Islands and a rectangular region in Brazil located between latitude 17.8-22.8°S and longitude 42.8-43.8°W. This area in Brazil encompasses our three population study sites (Table 1) as well as known D. smithi populations in Rio de Janeiro and Minas Gerais. Nine Hawaiian weather stations, included in the standard meterological database provided with CLIMEX, were selected for climate matching. This provided more points on the islands than using the regional grid generated from the CLIMEX 0.5°world grid database, and thus a better representation of climate across the islands. Comparisons were made using the composite match index (CMI) with the standard set of four variables, maximum and minimum temperature, total rainfall and the weekly distribution of rainfall (Sutherst et al., 2007) . CMI values greater than 0.7 for the climatic variables has been suggested as useful biological threshold to evaluate risk of species invasion (Sutherst et al., 2007; Kriticos, 2011) .
Host specificity in the field and use of sentinel plants
Indirect assessment of the host-specificity of D. smithi was made using a method previously applied to pathogens attacking M. calvescens (Seixas et al., 2004; Santim, 2008) . During the population monitoring surveys, all vegetation within a 2 m radius of each sampled M. calvescens individual was inspected to check whether D. smithi could be found attacking them. Whenever necessary, botanical samples of individual plants occurring in the vicinity of miconia plants were taken, dried in a plant press and brought to the botanists at the Departamento de Biologia Vegetal of the Universidade Federal de Viçosa for identification. Particular care was taken for examination of plants belonging to the Melastomataceae. Members of the Melastomataceae were identified by the Brazilian expert in the group (R. Goldenberg, Universidade Federal do Paraná). Colonies of D. smithi are easily spotted by abundant white waxy filaments secreted by the nymphs. The following three localities where natural populations of D. smithi occurred on M. calvescens were surveyed in order to indirectly assess its host-specificity: Cristais -municipality of Viçosa (20°46 A ''sentinel-plant strategy'' was also used in order to assess the suitability of M. calvescens populations from the Pacific as hosts for D. smithi under natural conditions. Seeds of M. calvescens originating from Hawaiian populations were planted and when the plants reached a height of 30-40 cm, ten vigorous individuals were chosen and planted at the Guaraciaba study site (Sept 2005) in a row with 2 m intervals between plants. Observations were made on a regular basis until February 2006 and occurrence of colonies of D. smithi was recorded. On the last visit all remaining sentinel plants were removed from the field site and destroyed. 
Host specificity in the greenhouse
Host specificity of D. smithi was evaluated using direct nochoice tests performed in a greenhouse. Testing was conducted on nine plant species, all belonging to the Melastomataceae: Clidemia capitellata (Bonpl.) D. Don., Clidemia hirta (L.) Don, Leandra lacunosa Cogn, Miconia albicans (Sw.) Triana, Miconia mendoncaei Cogn., Miconia ibaguensis (Bonpl.) Triana, Ossaea confertiflora (DC.), Tibouchina granulosa (Desr.) Cogn. and Tibouchina moricandiana (DC) Baill. In addition plants belonging to the Hawaiian biotype of M. calvescens were also included in the test.
For each melastome species, four plants (70-100 cm tall in 5-L pots) were placed in a wooden cage enclosed in fine mesh organza (0.5 Â 1.0 Â 1.2 m) in a greenhouse. Twenty D. smithi nymphs, between the third and fifth instars, from laboratory mass rearing were transferred to each plant (total 80 psyllids per cage). Survival, developmental stages of the nymphs, and damage to plants were recorded daily for a month.
Natural enemies of Diclidophlebia smithi
The occurrence of natural enemies of D. smithi was investigated at two-month intervals during the period of evaluation of D. smithi populations in the field. Psyllid colonies were carefully examined in order to determine the presence of predatory arthropods feeding on the colonies. Any such occurrence was recorded and specimens were collected and maintained in alcohol (70%) for later identification. At each site visit, up to two leaf buds, inflorescences and fruits bunches of M. calvescens bearing psyllid colonies were collected and brought to the laboratory, where they were left with their petioles or stem bases immersed in a water-filled container. These plant parts were left within wooden cages (0.5 Â 0.5 Â 0.5 m), enclosed in organza and maintained in the laboratory for three weeks under a light regime of 12:12 h at 26 ± 2°C and 70 ± 10% relative humidity. Samples were checked at two-day intervals for the potential emergence of adult parasitoids and for individuals infected by entomopathogens.
Damage to leaves of Miconia calvescens
Branches of M. calvescens plants that were heavily damaged by D. smithi as well as undamaged branches (controls) were collected in the field and brought to the laboratory for anatomical examination of selected leaves. Median parts of the leaf lamina of second node leaves of healthy and severely attacked leaves were immersed in FAA 50 (Formal-Acetic-Alcohol), for 48 h and stored in 70% ethanol (Johansen, 1940) . Later, the samples were dehydrated in an increasing ethanol series and embedded in methacrylate resin (Historesin, Leica Instruments, Heidelberg, Germany). Cross sections were prepared with an automatic advanced rotary microtome (RM2155 model, Leica Microsystems Inc.), fitted with disposable glass razors. Sections (4-7 lm) were stained with Toluidine blue pH 4.0 (O'Brien and McCully, 1981) and mounted in synthetic resin (Permount).
Pictures of healthy and damaged leaf parts were taken with a light microscope (AX70TRF, Olympus Optical) equipped with the U-Photo system allowing for a comparison and assessment of the consequences of psyllid attack to the integrity of the tissues.
Results
Population dynamics
At Guaraciaba, populations peaked from May to August 2005 and again during the last week of September 2005. However, nymphs of D. smithi were found throughout the evaluation period (Fig. 1A) . Guaraciaba had the lowest occurrence of D. smithi as compared with Dionísio and Viçosa (Fig. 1) .
At Dionísio, the peak nymphal population was observed in July 2004 and the peak adult population at Dionísio was observed in May 2002 (Fig. 1B) . At Viçosa peak nymphal populations were observed between April 2000 to June 2002 and the adult population peak was in July 2005 (Fig. 1C) . At Dionísio, in the second period evaluations, and at Viçosa, both nymphs and adults of D smithi were found throughout the year (Fig. 1B and C) .
There was a significant canonical correlation between the density of nymphs and adults of D. smithi and climatic elements (Wilks' Lambda = 0.51; F = 4.26; gl num/den = 12/130; p < 0.0001). Two canonical axes were generated, but only the first was significant at 5% probability (p = 0.0001) and it explained 78% of the correlation (Table 3) . Based in this axis, the adult phase is the most influenced by climate elements (r = 0.99). The climatic factors that most negatively affected the density of adult D. smithi was the average air temperature (r = À0.78), followed by the day length (r = À0.66) and the rainfall levels (r = À0.42), which also had a negative influence on psyllid density. Relative humidity (r = 0.50), had a significantly beneficial influence for D. smithi populations (Table 3) .
Climate matching
The total extent of the distribution of D. smithi in Brazil is not known. The insect is found however in the contrasting climates of relatively dry Minas Gerais and wet Rio de Janeiro and sites in between (R.W. Barreto, personal observation). Using a CMI value of 0.7 for the four standard variables as a minimum requirement for establishment of D. smithi, the climate match between the known potential source region of D. smithi in Brazil was greater than 0.7 for 3 of 9 Hawaiian locations tested (Table 4) . Thus there are locations within the current Hawaiian distribution of M. calvescens, on the islands of Hawaii, Maui, Oahu and Kauai (Medeiros et al., 1997) , where climate will probably not limit establishment of D. smithi.
Host specificity in the field and use of sentinel plants
A total of 102 species belonging to 58 plant families were searched in the field on dates encompassing the warm-wet season (Summer) and dry-cool season (Winter) for the presence of colonies of D. smithi (Fig. 1) . No nymph or adult D. smithi were found on any plant species other than M. calvescens. On some dates another white wax producing psyllid was observed on M. albicans Steud., at Guaraciaba and Viçosa, however upon examination this insect was found to belong to a different (unidentified) genus of Psyllidae.
One month after M. calvescens seedlings of the Hawaiian biotype were left in the field at Guaraciaba, new colonies with nymphs of D. smithi were found on the plants, demonstrating their susceptibility to attack by the psyllid. During subsequent visits, established colonies, with nymphs, eggs and adults were present on leaf buds of the plants.
Host specificity in the greenhouse
In the host specificity tests in greenhouse, D. smithi nymphs were not able to develop through to adult on any of the Melastomataceae species tested other than M. calvescens. All nymphs that were transferred to non-target plants died within two days of being transferred. Whereas D. smithi was able to complete its life cycle on M. calvescens, forming dense colonies on shoot tips which became completely covered with white wax produced by nymphs. The apical leaves soon became shriveled and, approximately six months after colonization the tips of the plant had died. The plant responded by producing axillary branches (which were also colonized by the psyllid.
Natural enemies of Diclidophlebia smithi
Two predators were found in low numbers associated with D. smithi when psyllid populations were peaking at our monitoring sites. Unidentified Syrphidae larvae were observed at Viçosa in November 2005 (less than one larva per plant on average) and at Guaraciaba in October and December 2005 (one adult on only one plant per sample period). No parasitoids emerged from psyllids brought from the field, and no entomopathogens were observed in the field or in samples held in the laboratory.
Damage to leaves
Significant anatopical changes were observed in leaves of M. calvescens attacked by D. smithi. Young non-attacked leaves have an epidermis consisting of a single layer of cells and a lower mesophyll, formed by two layers of palisade parenchyma and five to six layers of spongy parenchyma (Fig. 2) . When attacked, the upper epidermis collapses (particularly in the midrib region) in areas with intense feeding by D. smithi. In these regions, the leaf tissue is depressed, cells become disorganized and the vascular system degenerates (Fig. 2B) . Psyllid attack on leaves involves insertion of the stylet through the upper epidermis, reaching the mesophyll and the vascular tissue of the smaller leaf veins and the midrib ( Fig. 2C and D) . In the smaller leaf veins, the stylet of D. smithi reaches the tissues of the phloem (Fig. 2D) leading to mesophyll thickening due to the abnormal cell divisions (Fig. 2C and D) .
Discussion
Diclidophlebia smithi populations peaked between April and June, which coincided with flowering and fruiting of M. calvescens in the field. This appears to be the major factor governing population size for D. smithi. For psyllids such as D. smithi and other sapfeeding insects population growth is highly dependent on the timing of the flushing of soft tissues, such as the inflorescences, infrutescences and leaf buds (Hodkinson, 2009) .
Diclidophlebia smithi population densities reached their highest levels during the periods of cool temperatures, shorter days and drier conditions, typical of autumn-winter months in the regions of the state of Minas Gerais (Fig. 1) . A previous study under controlled laboratory conditions (Morais et. al., 2010) examining in the showed that D. smithi has as high reproductive capacity and short life cycle under cool temperatures (17-21°C). Air temperature was the climatic factor having the greatest influence on the population density of D. smithi in the field (r 2 = 61). Hawaii therefore has ideal temperature conditions for D. smithi with the islands having an average temperature range of 20-25°C. Air temperature is the factor that most affects the establishment, proliferation, dispersal and impact of arthropods in new areas of distribution (Baker, 2002) . High air temperatures may kill nymphs and reduce oviposition rate in psyllids, because of abnormal development of the ovaries (Liu and Tsai, 2000; Mehrnejad and Copland, 2005; Stratopoulou and Kapatos, 1995) . Reduction in ovary development and egg-laying, as well as reduced survival and longevity is also known for other psyllid species under very high temperatures (Mehrnejad and Copland, 2005; Liu and Tsai, 2000; Nava et al., 2007) .
The population density of D. smithi is also lower during rainy periods, which in Guaraciaba, Dionísio and Viçosa occur from November to March. It is possible that heavy rain kills individual insects through mechanical impact of large drops which dislodge individuals from their host-plant. Water can also remove the wax cover that serves as a protection for nymphs, exposing them to adverse environmental conditions or predators. Such a deleterious effect of rain is also known for other psyllids such as for Boreioglycaspis melaleucae Moore which is used as a biological control agent against the invasive tree Melaleuca quinquenervia (Cav.) Blake (Myrtaceae) in Florida (Center et al., 2006) . Although populations of D. smithi can be adversely affected by high air temperatures and by heavy and frequent rainfall, a rapid recovery of populations occurs after such unfavorable periods and colonies of the psyllid were observed in the field at the study sites throughout the year. Knowledge about the effects of climatic factors on potential biological control agents is useful for estimation of their chances of success and to determine the correct time for introductions in the field. In the case of D. smithi, our results, here and elsewhere (Morais et al., 2010) , indicate that introduction should be timed during periods of low rainfall and cool temperatures. Releases should also be timed to allow for overlap of these climatic conditions with the ideal phenology of M. calvescens (peak flowering and fruiting) to maximize the chances for populations establishment and growth.
Based on observation of D. smithi over multiple field seasons and at three locations in Brazil no parasitoids or pathogens were observed attacking this species. This was a somewhat surprising result because many psyllid species are known to be often severely parasitized by Encyrtidae and Eulophidae (Hymenoptera) (Dietrich, 2009) which if present could limit the efficacy of D. smithi as a weed biocontrol agent. Predation by generalist predators was observed during the population peaks of D. smithi, but it appears to have a limited potential to affect populations of D. smithi at the study sites because predator counts were generally low.
During the sampling, the leaf buds and young leaves of M. calvescens with high densities we observed of D. smithi became distorted, chlorotic and stunted when compared with neighboring plants with no insects. These symptoms were also observed on plants belonging to the Hawaiian biotype of M. calvescens during the host specificity tests and on sentinel plants naturally colonized by D. smithi at Guaraciaba or in samples held in the laboratory. The attack by D. smithi on ''sentinels plants'' demonstrated the susceptibility of the Hawaiian biotype of M. calvescens, despite the clear morphological differences (primarily the color of the abaxial surface of leaves, leaf size and leaf texture) between plants occurring in Hawaii and native populations in Brazil. While these morphological differences between Brazilian and Hawaiian miconia are not regarded by botanists as having major taxonomic significance they might have an ecological significance for the psyllid.
The results of both direct and indirect host-range evaluations showed that D. smithi is host specificity on M. calvescens. No adult or nymph of this psyllid was ever found attacking any other plant species in the vicinity of colonized M. calvescens individuals. The host specificity tests involving the nine Melastomataceae species also demonstrated that D. smithi is highly specialized on M. calvescens. Potential non-target effects are less likely to be an issue because there are no native Melastomataceae or economically relevant crops belonging to this family in Hawaii.
The observations of anatomical changes on leaf tissues resulting from the attack of D. smithi indicate that there is direct damage to tissues resulting from psyllid feeding. Direct damage has also been observed to leaf tissues of Eucalyptus camaldulensis Dehnh by the psyllid Cardiaspina rotator (Crawford and Wilkens, 1996) . In contrast for the leaves of Citrus sinensis attacked by Diaphorina citri Kuwayama (Homoptera: Psyllidae), there was no visible damage from the stylet feeding (Bonani et al., 2010) . In addition to these direct impacts of feeding, the removal of sap from an attacked plant also leads to a reduction of plant reserves that likely contributes towards a reduction on plant growth, flower and fruit setting. Psyllids may inject toxic salivary secretions into plants causing systemic effects and premature leaf senescence (Crawford and Wilkens, 1996) . During the experiments in the field and in the laboratory, chlorosis and premature leaf abscission resulting from attack by D. smithi were observed (Morais, personal observation), suggesting that feeding toxins may also be present for this species.
Although efficacy of biocontrol agents is difficult to predict before releases are made, results of this work and previous studies on D. smithi (Burckhardt et al., 2006; Morais et al., 2010) confirm that this species has significant potential for biological control of M. calvescens. Characteristics that suggest D. smithi could be an effective biological control agent include: (1) its high level of host specificity on M. calvescens; (2) ease of rearing and short life cycle that make mass-production feasible; (3) membership in a taxon (Hemiptera: Psyllidae) that has yielded several effective and safe weed biocontrol agents; (4) its broad climatic tolerance and compatibility with areas of intended release in Hawaii; (5) the apparent absence of specialized parasitoid or pathogens in its native range; and (6) the damage it causes on M. calvescens, including plants of ''Hawaiian biotype.'' Pre-release impact of biocontrol agents in the field is difficult to predict however results of this work, combined with previous studies on D. smithi (Burckhardt et al., 2006; Morais et al., 2010) confirm that this species has significant potential as a classical biocontrol agent for M. calvescens.
